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Abstract 

BACKGROUND: Desmocollin3 (DSC3) is a member of the cadherin superfamily of calci-
um-dependent cell adhesion molecules and plays an important role in tumor invasion and me-
tastasis. In this study, we investigated the epigenetic mechanism that regulates DSC3 expression in 
esophageal adenocarcinomas (EACs). METHODS: Expression of DSC3 was analyzed by quan-
titative real-time polymerase chain reaction (qRT-PCR). The promoter DNA methylation level of 
DSC3 was examined using quantitative bisulfite pyrosequencing. RESULTS: The qRT-PCR 
analysis demonstrated significant down-regulation of the DSC3 mRNA levels in human EAC cell 
lines and tissue samples (P<.001). In addition, the EAC cell lines and tumor samples have aberrant 
promoter hypermethylation as compared to normal esophageal samples (P<.001). DSC3 pro-
moter hypermethylation (>10% methylation level) was detected in 97.5% (39/40) of EAC samples 
whereas none of the normal tissue samples showed hypermethylation (P<.0001). There was a 
significant inverse correlation between promoter DNA methylation levels and mRNA expression 
folds for DSC3 (coefficient r=-0.685, P<.0001). Treatment of FLO-1 and SKGT4 EAC cells with 
5-Aza-deoxytidine led to a significant reduction in the promoter DNA methylation levels with 
restoration of the DSC3 expression, suggesting that promoter DNA methylation is a key epige-
netic mechanism regulating DSC3 expression. High DSC3 promoter DNA methylation levels were 
significantly correlated with advanced tumor stage (P<.001) and lymph node metastasis (P<.001). 
CONCLUSION: Taken together, our results demonstrate that epigenetic silencing of DSC3 is a 
frequent finding in EAC that is possibly associated with advanced stages. 
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Introduction 
The incidence rate of esophageal adenocarcino-

ma (EAC) has increased rapidly in the United States 
and other Western countries [1-3]. EAC is the most 

frequent human esophageal malignancy in the US. 
Risk factors of EAC include male gender, obesity, 
gastroesophageal reflux disease (GERD), smoking, 
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and low fruit and vegetable intake [4-7]. Although 
Barrett’s esophagus is the major risk factor for the 
development of EAC, the molecular underpinnings 
during EAC development and progression are still 
largely unknown.  

Recent evidences demonstrated that hyper-
methylation of the gene promoter CpG island, alone 
or in coordination with other genetic or epigenetic 
mechanisms, is one of the major mechanisms in si-
lencing tumor suppressor genes [8, 9] as well as others 
which are associated with key oncogenic functions 
such as angiogenesis, invasion, metastasis, and pro-
gression. Cell-cell adhesion plays a critical role in 
cancer invasion and metastasis. Loss of cell adhesion 
and alterations in the expression of cadherins are 
common features of tumor cells and markers for ag-
gressive tumor growth and poor prognosis [10, 11]. 
Desmocollin3 (DSC3) is a member of the cadherin 
superfamily of calcium-dependent cell adhesion 
molecules and a principle component of desmosomes. 
DSC family members are uniquely expressed in epi-
dermal tissue, with DSC3 mainly present in the basal 
and spinous layers [12]. One of the more intriguing 
functions of desmosomal proteins, as they relate to 
cancer, is their ability to inhibit cell motility [13, 14]. 
Down-regulation of DSC3 was reported in colorectal 
cancer and skin tumor [15, 16], possibly through epi-
genetic mechanisms and/or regulation by p53 [17]. In 
this study, we demonstrated that frequent loss of 
DSC3 in EAC cell lines and primary tumor tissues is 
mediated by aberrant cytosine methylation of pro-
moter regions. Furthermore, we investigated the ef-
fect of demethylation on EAC cell lines and confirmed 
that demethylation treatment can restore DSC3 ex-
pression. Our results indicated that epigenetic silenc-
ing of DSC3 is a molecular event in esophageal ade-
nocarcinomas that is progressive with advanced 
stages of the disease. 

Materials and methods 
Cell culture 

DSC3 gene expression and DNA methylation 
were analyzed in 10 cell lines originating from 
esophagus, including normal esophageal squamous 
epithelium (HET1A and HEEC), Barrett’s esophagus 
(BART, CPA, and CPB) and adenocarcinomas (OE33, 
FLO-1, OE19, SKGT4, and JHU-Eso-Ad1). These cell 
lines were obtained from the American Type Culture 
Collection (ATCC, Manassas, VA, USA), Sigma Al-
drich (St. Louis, MO, USA), ScienCell Research La-
boratories (Carlsbad, CA, USA), Dr. Rhonda Souza 
(University of Texas Southwestern), Dr. David Beer 
(University of Michigan), and Dr. Jim Eshleman (John 
Hopkins University). The esophageal adenocarcino-

ma cell lines OE33, OE19, FLO-1, SKGT4, and JHU 
were cultured in Dulbecco’s modified Eagle’s medi-
um (DMEM) media. The immortalized Barrett’s 
esophagus cell lines were cultured with epithelial cell 
medium 2 (ScienCell). All the cell lines were supple-
mented with 10% fetal bovine serum and antibiotics 
(100 u/ml penicillin and 100 µg/ml streptomycin 
(Invitrogen, Carlsbad, CA, USA) on primaria plates 
and flasks (BD Biosciences, Bedford, MA, USA) in a 
37°C incubator with 5% CO2. 

Esophageal tumor specimens 
All frozen tissue samples were obtained from the 

National Cancer Institute Cooperative Human Tissue 
Network and the archives of pathology at Vanderbilt 
University (Nashville, TN, USA). The use of 
de-identified archival tissue samples was approved 
by the Vanderbilt institutional review board. Histo-
pathological diagnosis of the EACs was verified based 
on hematoxylin and eosin stained sections according 
to the Vienna classification of gastrointestinal epithe-
lial neoplasia [18]. The patient ages ranged from 42-78 
years (median at 62.4 years). The samples included 46 
EAC and 30 normal esophageal squamous mucosa 
tissue samples. The adenocarcinomas ranged from 
well-differentiated to poorly-differentiated, stages 
I-IV, with a mix of intestinal- and diffuse-type tumors.  

Quantitative real-time RT-PCR (qRT-PCR) 
analyses of DSC3 expression 

Total RNAs from all the cell lines and frozen 
primary tissue samples were isolated by using the 
RNeasy Mini Kit (Qiagen, Valencia, CA, USA), and 
single stranded cDNA was subsequently synthesized 
using the iScript cDNA synthesis kit (Bio-Rad, Her-
cules, CA, USA). The primers were designed using the 
online software, Primer 3 
(http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_
www.cgi). The forward and reverse primers were 
designed to span two different exons. DSC3 [forward] 
5’-ATCTTCAGTCGTGCTGGTGA-3’ and DSC3 [re-
verse] 5’-ACTTGACCGGATGAGGTCTG-3’. The 
qRT-PCR was performed on a CFX Connect real-time 
system (Bio-Rad) using Bio-Rad iQ SYBR Green Su-
permix with the threshold cycle number determined 
by the use of Bio-Rad’s CFX manager 3.0 software. 
Reactions were performed in triplicate, and the 
threshold numbers were averaged. The results of the 
DSC3 gene were normalized to HPRT1, which had 
minimal variation in all normal and tumor samples 
tested [19]. Expression fold was calculated according 
to the formula 2(Rt–Et)/2(Rn–En), where Rt is the thresh-
old cycle number for the reference gene observed in 
the tumor. Et is the threshold cycle number for the 
experimental gene observed in the tumor. Rn is the 
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threshold cycle number for the for the reference gene 
observed in the normal samples. En is the threshold 
cycle number for the experimental gene observed in 
the normal samples. For normalization of tumor data 
and calculation of fold changes, the Rn and En values 
were calculated as an average of 30 normal samples. 

DNA sodium bisulfate modification and 
pyrosequencing analysis  

DNA from cell lines and the frozen primary tis-
sue samples were purified using a DNeasy tissue kit 
(Qiagen). The bisulfite modification of the DNA was 
performed using an EZ DNA Methylation-Gold Kit 
(ZYMO Research, Orange, CA, USA), according to the 
manufacturer’s protocol. A 20 ng aliquot of modified 
DNA was subjected to polymerase chain reaction 
(PCR) amplification of the specific promoter region 
containing a CpG island, by using of a primer set de-
signed using PSQ assay design software (Qiagen), 
where one of the primers was biotin labeled. The 
primer set does not include CpG site that enables us to 
amplify both methylated and unmethylated se-
quences of the DSC3 gene. The primers were designed 
[Forward] AGGGGAGTGGGAGAATTGGT, [Re-
verse] CCTACCCCAAAACAACTTCACTTCT. Plat-
inum PCR SuperMix High Fidelity (Invitrogen) was 
used to prepare the PCR solution. PCR products were 
checked by gel electrophoresis to confirm the size of 
the products and rule out the formation of primer 
dimers. Quantitative pyrosequencing analyses were 
done using Biotage PyroMark MD system (Qiagen) 
following the protocol provided by the manufacturer. 
The results were analyzed by Pyro Q-CpG 1.0.9 soft-
ware (Qiagen). Based on control normal samples and 
internal quality controls provided in the software 
analysis, we used a 10% DNA methylation level as a 
cutoff for identification of DNA hypermethylation 
[20, 21]. 

5-Aza-2’-Deoxycytidine and Trichostatin-A 
Treatment 

For validation of the role of epigenetics in tran-
scriptional regulation of DSC3 in vitro, esophageal 
cancer cell lines FLO-1 and SKGT4 were used. Cells 
were maintained in Dulbecco’s modified Eagle’s me-
dium (DMEM), supplemented with 10% fetal bovine 
serum (FBS) and antibiotics (Invitrogen) as described 
above. Cells were seeded at low density for 24 hours 
and then treated with 5 μM 5-Aza-2’-deoxycytidine 
(5-Aza-2’) (Sigma-Aldrich) for 72 hours and/or 200 
nM Trichostatin-A (TSA) (Wako, Osaka, Japan) for 24 
hours. Total RNA and DNA were isolated and puri-
fied by an RNeasy kit and DNeasy tissue kit (Qiagen), 
as described above. The DNA methylation levels of 
DSC3 CpG nucleotides of the promoter were deter-

mined by pyrosequencing before and after treatments. 
The DSC3 mRNA expression levels were determined 
by qRT-PCR, as described above. 

Statistical analysis 
The student t test was used to compare DNA 

methylation and mRNA expression between normal 
and tumor samples. The correlations between the 
DNA methylation level and mRNA expression fold 
were determined by Spearman Rank Correlation. All 
P-values were based on two-sided tests and differ-
ences were considered statistically significant when 
P-value≤.05. 

Results 
Down-regulation of DSC3 gene expression and 
promoter hypermethylation of DSC3 in 
esophageal adenocarcinoma cell lines 

The DSC3 gene has 16 exons with a CpG island 
located around its transcription start site (TSS, Figure 
1). To study DSC3 gene expression and DNA methyl-
ation in esophageal adenocarcinoma, we have col-
lected a panel of 10 cell lines originated from esoph-
agus, including normal esophageal squamous epithe-
lium (HET1A and HEEC), Barrett’s esophagus (BART, 
CPA, and CPB) and adenocarcinomas (OE33, FLO-1, 
OE19, SKGT4, and JHU-Eso-Ad1). We first analyzed 
the expression of DSC3 in esophageal cancer cell lines 
by real-time PCR. We detected significant reduction in 
DSC3 mRNA expression in esophageal adenocarci-
noma cell lines as compared to non-neoplastic 
esophageal cells (Figure 2A). The pyrosequencing 
analysis demonstrated significantly higher DNA 
methylation levels in 4 of 5 EAC cell lines as com-
pared to the non-neoplastic cells (Figure 2B). 

Frequent Promoter DNA hypermethylation of 
DSC3 correlates with down-regulation of 
DSC3 mRNA expression in primary 
esophageal cancers 

We next analyzed DSC3 mRNA expression and 
promoter methylation status in normal and EAC hu-
man samples. We found that in EAC tissues, DSC3 
gene expression was significantly lower than in nor-
mal tissues (0.24 vs 9.36, P<.001; Figure 3A) with in-
creased promoter DNA methylation levels (% average 
38.6 vs 5.86, P<.001; Figure 3B). Based on our results in 
normal samples and our previous studies, we used 
10% average DNA methylation level as a cutoff 
threshold for hypermethylation. While 97.5% (39/40) 
EAC samples displayed hypermethylation, none of 
the 22 (0%) normal samples showed hypermethyla-
tion (Table 1). Spearman’s rank correlation analysis 
demonstrated a significant inverse correlation be-
tween DSC3 promoter DNA methylation and mRNA 
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expression fold (coefficient r=-0.685, P<.0001; Figure 
3C). We further confirmed the above results by ana-
lyzing DNA methylation in 25 tumor samples and 
their matching adjacent histologically normal tissues 
from the same patients (P<.001, Figure 4A and 4B). A 
representative DNA methylation status of an indi-
vidual CpG site in 8 matched normal and tumor 
samples is illustrated in Figure 4C. These results 
suggest that the DSC3 promoter hypermethylation is 
a key molecular factor involved in suppression of its 

mRNA expression in EACs. 
 

Table 1. Frequency of DSC3 hypermethylation in normal and 
EAC samples. 

  N DSC3 DNA methylation Level  P value 
≤ 10% > 10% 

Normal 22 22 0 <.0001 
EAC 40 1 39   

 

 
Figure 1. DSC3 promoter CpG island and Pyrosequencing. A) A schematic chart shows DSC3 genomic structure. DSC3 has 16 exons as shown in black boxes. A CpG 
island with dense CpG sites is present from -400 to +200 bp relative to the transcription start site (TSS); each vertical bar represents one CpG site. Forward and reverse primers 
for Pyrosequencing assay PCR locate in the gap of CpG site and the 7 CpG sites sequenced is shown within green box. B) and C) Representative Pyrosequencing profile of the 
7 CpG sites in a matched normal (B) and tumor (C) sample pair, showing DNA methylation level for each individual CpG site. 

 
Figure 2. DSC3 mRNA expression and DNA methylation level in non-neoplastic esophageal cell lines and EAC cell lines. A) The expression of DSC3 in EAC 
cell lines were significantly down-regulated compared with non-neoplastic esophageal cell lines. B) DSC3 promoter DNA methylation levels in EAC cell lines were significantly 
higher than in non-neoplastic esophageal cell lines. *** P<.001, compared with the average value of normal samples. 
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Figure 3. DSC3 mRNA expression and DNA methylation level in human normal and EAC tissues. A) DSC3 mRNA expression was significantly higher in normal 
tissues, while down-regulated in tumor tissues (relative fold was 9.36 vs 0.24; P<.001). B) DSC3 promoter methylation level was low in normal samples but aberrant hyper-
methylation was found in EAC tissues (% average DNA methylation level was 5.86 vs 38.6 in normal and tumor respectively; P<.001). A line on 10% level displays the cutoff 
threshold for hypermethylation. C) The Spearman rank correlation analysis between DNA methylation level and mRNA expression fold of DSC3. Significant inverse correlation 
was found (r=-0.685, P<.0001). 

 

 
Figure 4. DSC3 mRNA expression and promoter DNA methylation status in matched human normal tissues and EAC tissues. A) DSC3 gene expression was 
significantly down-regulated in tumors. B) Tumor tissues had aberrant hypermethylation levels when compared with matched normal tissues. C) Methylation levels of 8 
representative matching normal and tumor samples.  

 
Demethylation of DSC3 promoter restores 
DSC3 mRNA expression in EAC cell lines 

Because both DNA methylation and histone 
de-acetylation are epigenetic events that regulate gene 
expression at the promoter level, we checked whether 
interference with the activities of DNA methyltrans-
ferases, using 5-Aza-2’, and/or histone deacetylases, 
using TSA, could restore the gene expression in 
esophageal adenocarcinoma cell lines. To confirm the 
epigenetic silencing of DSC3 gene expression, FLO-1 
and SKGT4, which have DSC3 promoter hypermeth-
ylation and loss of DSC3 mRNA expression, were 
treated with 5-Aza-2’ alone or in combination with 
TSA. The results show that treatment with 5-Aza-2’ 
alone, and not TSA alone, led to significant restoration 
of DSC3 mRNA expression in both FLO-1 and SKGT4 
cell lines (P<.001; Figure 5A and 5C). The expression 
of DSC3 was enhanced upon combination of 5-Aza-2’ 

with TSA (P<.001; Figure 5A and 5C). These results 
suggest that promoter hypermethylation is the pri-
mary epigenetic event whereas histone de-acetylation 
has an added contribution to the regulation of DSC3 
expression. In concordance with these results, the 
DSC3 promoter DNA methylation level decreased in 
FLO-1 (from 92.2% to 77.2%) and in SKGT4 (from 92% 
to 69%), respectively (Figure 5B and 5D).  

DNA methylation of DSC3 gene promoter 
region correlated with advanced tumor stages 

To investigate whether DSC3 promoter methyl-
ation is associated with tumor biology, we evaluated 
DNA methylation levels and clinical pathological pa-
rameters. As shown in Figure 6, DSC3 DNA hyper-
methylation was significantly correlated with ad-
vanced tumor stage (P<.001) and lymph node metas-
tasis (P<.001). 
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Figure 5. Treatment with 5-Aza and TSA reverses DNA methylation and gene expression patterns of DSC3 in esophageal adenocarcinoma cell lines. A) 
Treatment restores gene expression in FLO-1 cell line. 5-Aza treatment alone led to significantly induction of relative mRNA expression from 1-180 fold. B) DSC3 promoter 
methylation level decreased in FLO-1 after treatments. C) Treatment restores gene expression in SKGT4 cell line. 5-Aza treatment alone led to significant induction of relative 
expression from 1-150 fold. D) DSC3 promoter methylation level significantly decreased in SKGT4 after treatments. 

 

 
Figure 6. DSC3 methylation is associated with advanced tumor stage and lymph node metastasis. A) Increased DNA methylation of DSC3 promoter correlates 
with advanced tumor staging (P<.001). B) Increased DNA methylation of DSC3 promoter correlates with lymph node metastasis (P<.001). 

 
Discussion 

Esophageal adenocarcinomas are characterized 
by poor outcome, which is mainly attributed to the 
diagnosis of the disease at late stages with high oc-
currence of metastatic lesions and poor response to 
therapy. Although the molecular and genetic events 
underlying tumor metastasis are still not well under-
stood, intense investigation into this process has led to 
the notion that genes and signaling pathways in-
volved in cell adhesion and migration are critical in 

tumor invasion and metastasis [22]. Desmocollins are 
transmembrane glycoproteins and members of the 
cadherin superfamily of calcium-dependent cell-cell 
adhesion molecules. There are three DSC isoforms 
(DSC1-3); each is a product of a separate gene. The 
genomic organization of DSCs is similar to that of 
classic cadherins [23]. In this study, we analyzed the 
mRNA expression of DSC3 in esophageal adenocar-
cinoma cell lines and non-cancer esophageal epithelial 
cell lines. We found that the expression of DSC3 was 
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significantly down-regulated or silenced in cancer cell 
lines as compared with non-cancer epithelial cell lines. 
We also confirmed that in human EAC tissues, DSC3 
mRNA expression was significantly decreased com-
pared with human normal esophageal tissues. Our 
results support earlier findings in other tumor sub-
types, which have found down-regulation of DSC3 in 
breast cancer and colorectal cancer [17, 24]. To explore 
the mechanism responsible for the gene silencing in 
EACs, bisulfite methylation pyrosequencing was ap-
plied to quantify the DSC3 promoter methylation 
levels in the cell lines and normal and cancer tissues. 
The results demonstrated hypermethylation of DSC3 
in almost all EAC samples with a strong inverse cor-
relation between the DNA methylation and gene ex-
pression levels (r=-0.685). These data suggest that 
epigenetic promoter methylation is a possible regu-
latory mechanism of DSC3 gene expression in EAC. In 
fact, our results using 5-Aza and TSA confirmed the 
epigenetic regulation of DSC3 and suggested that 
DNA methylation plays a greater role in regulating 
the expression of DSC3 than histone de-acetylation. 
These results add to previous findings of DSC3 
methylation in colorectal [25] and lung cancers 
[26-28]. Of note, in our assay, we detected DSC3 hy-
permethylation (> 10%) in all EACs except one (97.5%, 
39/40) whereas none of the 22 (0%) normal esopha-
geal epithelial samples showed DSC3 hypermethyla-
tion. These results suggest that DSC3 could serve as 
biomarker for Barrett’s tumorigenesis and early de-
tection of EAC; however, large cohort studies are 
needed to validate these primary observations.  

Previous studies have observed that loss or re-
duction of desmosomes contribute to the develop-
ment and/or the progression of various human epi-
thelial cancers [29, 30]. Analysis of clini-
cal-pathological data indicated that DSC3 prompter 
hypermethylation was highly correlated with ad-
vanced tumor stage and lymph node metastasis 
(P<.001). This finding is consistent with the known 
function of DSC3, which is a member of the cadherin 
superfamily of calcium-dependent cell-cell adhesion 
molecules. Similarly, loss of expression of DSC3 in-
duced the progression of oral carcinomas and corre-
lated with lymph node metastasis and cell prolifera-
tion [31]. Taken together, our results suggest that 
DSC3 could be a novel tumor suppressor gene with 
inhibitory functions in invasion and metastasis in 
EAC.  

In conclusion, this is the first study reporting 
DNA hypermethylation and silencing of DSC3 in 
EACs. Further studies examining the functions of 
DSC3 in EAC are needed to uncover the mechanisms 
by which desmosomal signaling regulates cell migra-

tion, proliferation and other biological processes in 
EAC. 
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NS, normal esophagus, BE, Barrett’s esophagus; 

EAC, esophageal adenocarcinoma; GERD, gas-
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